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Blitzer, Eckaus, Lahiri, and Meeraus assess the carbon dioxide emissions are substantialeconomic effects on Egypt, under various ranging from 4.5 percent for a 20 percent redcconditions, of restricting carbon dioxide emistion in annual carbon dioxide emissions to 22 sions. They use their model to assess the sensipercent for a 40 percent reduction. The effects of tivity of these effects to altemative specificathe annual emissions restrictions are relatively tions: changes in the level or timing of restricnonlinear. tions, changes in the rate of discount of future welfare, and the presence or absence of altema-
The timing of the restictions is significant. tive technologies for generating power.
Postponing them provides a longer period for adjustment and makes it possible to continue They also analyze a constraint on accumulated delivering consumption goods in a relatively emissions of carbon dioxide. Their model has a unconstrained manner. time horizon of 100 years, with detailed accounting for every five years, so they can be specific
The form of the emissions restrictions is also about differences between short-and long-run important. Welfare losses are much higher when effects and their implications.
constraints are imposed on annual emissions rates rather than on total additions to the accuHowever, the results reported here cover only a mulation of greenhouse gases. 60-year period -and are intended only to compare the results of generic, "what if?"
Conventional backstop technologies for mainquestions, not as forecasts. In that 60-year taining output and consumption -cogeneration, period, the model economy substantially depletes nuclear power, and gas-powered transport -are its hydrocarbon reserves, which are ti e only more significant than unconventional "renewnonproduced resource.
able" technologies, which cannot compete for cost. The authors find that welfare losses due to the imposition of annual restrictions on the rate of 
Introduction
The economic effects of carbon dioxide emissions restrictions have, with good reason, become a rapidly growing area of research. Although there is still considerable scientific uncertainty about the extent and effects of greenhouse warming, the potential consequences warrant careful examination of the cwsts of restricting greenhouse gas emissions. If those costs are relatively small, then the case for such restrictions is considerably strengthened, even in the absence of a reasonable degree of scientific agreement as to their effects. On the other hand, if the costs are relatively large, it is reasonable to require more scientific evidence. Either way, policy decisions about emissions restrictions should be made with as much insight as possible.
This paper is intended as a contribution to these debates. Like all of the other work that has been done, it is an exemplification of some of the economic possibilities; it is not a definitive evaluation. As an exemplification, however, it extends the domain of possibilities and suggests some issues that have not been considered. in other studies. It is an assessment for a particular country, Egypt, of the economic effects, under various conditions, of carbon emission
The model is also used to assess the sensitivity of these effects to alternative specifications of the issue: changes in the level of the restrictions, changes in timing of the restrictions, changes in the rate of discount of future welfare, and the presence or absence of "alternative" technologies for power generation. Since greenhouse warming is a function of the accumulated stock of greenhouse gases in the atmosphere, a more fundamental specification for the control of greenhouse warming than the limitation of annual emissions is analyzed: a constraint on accumulated emissions of carbon dioxide. Because the model has a time horizon of 100 years, with detailed accounting every five years, it is also possible to be quite specific with respect to the differences between the effects in the "short run' and in the "long ru." and their welfare implications.
I1. The focus on a developing country
Egypt is, of course, a developing country; according to the latest World Bank ranking, starting from the lowest level it has the forty-ninth highest per capita income among World Bank members. Countries differ in the constraints under which they operate: physical resources (imcluding capital), human resources, technologies, access to markets and foreign debt. They differ further in their industrial structure and in their use of energy sources, chemicals and the various processes that contribute to greenhouse warming. All of this means that countries will also differ in their levels, and achievable future goals, of per capita income and consumption. As a result, constraints on carbon emissions will have differential impacts across countries, and -even the same impact on output and income will have different welfare effects. In the final ' For a similar analysis of India see Blitzer LaL. "The Effects of Restrictions on Carbon Dioxide and Methane on the Indian Economy," Background Paper prepared for the World D,-velopment Report 1992, World Bank. analysis, therefore, emissions policies will have to be made at the country level. This implies that for an analysis of the economic effects of emissions restrictions to provide reasonably detailed insights, it must be done at a country level.
However, most existing studies of the effects of carbon emissions restrictions have been global in nature or have focused on large regional groupings. There is an obvious and good rationale for such a wide scope: greenhouse warming would be a global phenomenon, calling, in consequence, for a global assessment. Global and regional models have served the very useful purpose of illastrating the nature of the economic problems caused by adjustment to emissions restrictions. However, there needs to be a clear recognition of the limits of their usefulness.
Furthermore, experience with developing countries emphasizes the importance of embodying their characteristic features in any policy modeling. First, the structures of these economies are quite different from those of advanced industrialized countries and are changing relatively rapidly. Agriculture, for example, is much more important; manufacturing, power and transportation sectors are expanding rapidly with changing technologies. Since the composition of output is shifting, it is important to provide as much sectoral detail as can be accommodated. Analyzing the future effects of emissions restrictions from simple projections of growth rates, either in the aggregate or on a sectoral basis, would therefore tend to generate misleading results. Models driven by growth rate projections do not allow for any interaction between emission restrictions and economic performance.
A second implication of changing economic structure is that reliance on the assumptions of steady state growth provides a particularly unsuitable approximation for developing countries. There are grounds for legitimate differences of opinion as to the usefulness of the steady state growth assumption for industrialized countries, but it is clearly quite contrary to the intentions and growth prospects of developing countries.
Moreover, while countries may move into new steady state growth conditions after the imposition of emissions constraints, the adjustment process itself may be of considerable importance and therefore deserves to be modeled explicitly. This, in turn, implies that the explicit or implicit characterization of factor mobility among sectors should reflect reality. While the assumption of perfect capital mobility among sectors, for example, facilitates the building and computation of models, it is an assumption that will certainly make adjustment appear easier than is actually the case.
It can, in fact, be argued that modeling on the scale of global or regional aggregates will inevitably, and misleadingly, reduce the apparent difficulties of the adjustment process. Aggregation of sectors implies perfect substitutability of inputs and outputs among sectors. Aggregation over countries and regions has the analogous implication of perfect substitutability among countries and regions, an implication that probably would not be defended, other than for its convenience in modeling.
m. An economy-wide. Intertemporal. general equilibrium model with alternative technological possibilities
The model presented below is an intertemporal optimizing model and is thus in the same spirit as approaches by Manne and Richels (1989) and Nordhaus (1987) . However, it is sectorally more disaggregated and is more detailed in its capital formation processes. By focusing on a single country, like the Jorgenson-Wilcoxen (1990) and a few other models, it captures some of the idiosyncratic country-specific features that affect adjustment processes. Moreover, the effectiveness of inteA.lational agreements will ultimately depend on decisions that reflect national priorities. In addition, the data base for a national model is more specific and justifiable.
The model is driven by the maximization of a consumer welfare function, so the interactions between constraints, modifications af economic structure and overall welfare are all endogenous and taken fully into account. The economic variables determined by the model are investment, capital capacity and production by each sector, household consumption by sector, energy demand and supply, imports and exports, and relative prices. In addition, carbon emissions relative to fut2 consumption are calculated and subjected to alternative constraint specifications in order to illustrate various policies.
The basic structure of the model is well-known from previous work by the authors and many others. The complete mathenatical str cture is presented in an appendix and only those features particularly relevant to its present application will be described here. The model was originally constructed for the analysis of energy policy in Egypt. It was adapted to the analysis of environmental issues since it is relatively detailed with respect to the energy sector, which, as noted above, is one of the primary sources of environmental offense.
The model has a 100 year time horizon, divided into twenty periods of five years each. Althougb this is a somewhat artificial pacing, it makes it possible to avoid a more detailed formulatior. of year-by-year interactions and dynamic processes, while still generating a close temporal approximation of growth conditions. The long time horizon provides an ample term for adjustments.
The economy is divided into ten sectors, six of which are non-energy sectors: agriculture, manufacturing, construction, transportation, services and non-competing imports. There are four energy sectors: crude oil, natural gas, petroleum products and electricity.
As noted, the model focuses only on the generation of carbon emissions from fuel use, although it is adaptable to other types of emissions associated with the use of any input or to the output of particular goods with specific technologies. Carbon emissions are calculated for each sector, as well as in total, for each period.
As an optimizing model, it maximizes an objective or welfare function which is the discounted sum of aggregate consumer utlity over the model's horizon. The utlity of the representative consumer in each time period is a weighted logarithmic sum over all goods of the difference between its consumption of each type of good and a parametrically fixed consumption level. Individual utility is multiplied by the projected population to obtain aggregate utility. This formulation is identical to simulating the market behavior of a representative consumer modeled as a linear expenditure system. In the present context, it should be noted that environmental conditions do not enter directly into the consumer's utility function or production functions. However, the consumer's choice of goods in a consumption basket will depend on relative prices and income levels, which are determined within the model and will be affected by environmental policies.
The usual material balance constraints, which require that aggregate uses of output be no greater than aggregate availabilities, apply in each period. Availabilities depend on domestic production and, where feasible, imports. One of the most significant features of the model for the purposes of assessing the environmental impacts of economic activity is that, in general, production of each good can be carried out by alternative technologies, or "activities," with different input patterns. The total output of each sector is the sum of production from each of the technologies. Thus, there is the possibility of substitution among inputs to production processes. The substitution is endogenously determined in response to the relative prices of inputs and outputs, also determined endogenously. This is important for the analysis of environmental policies that directly or indirectly affect the cost of inputs.
The alternative requirements for production in each sector are, with one exception, specified exogenously -as if taken from engineering specifications. The exception is in the demand for fuels in the manufacturing, electric power and pltroleum sectors. In these sectors the BTU requirements per unit of output are specified, but the requirements can be met by using either natural gas or petroleum. Here, again, the choice will be made endogenousiy and will depend on relative prices and any constraints affecting those prices.
In addition to hydropower, only two primary hydrocarbon energy sources are distinguished, crude oil and natural gas; Egypt uses virtually no coal. Production of each fuel is constrained by availability. Crude oil is produced from petroleum reserves; the creation and use of these and of natural gas reserves is modeled so as to reflect the fact that reserve levels are a function of the rate, as well as the quantity, of resource use and of outputs to producers and consumers.
Like a number of other models that have been constructed to investigate the effects of carbon emissions restrictions, the specification of alternative power producing methods includes "back-up" technologies characterized by relatively high capital costs, but with substantially lower carbon emissions. The back-up technologies in question are co-generation, gas-powered transportation, nuclear power and a composite technology representing a set of 'renewable" energy technologies: photovoltaic, solar-thermal, wind and dendrothermal.
Production also requires labor inputs, whose unit requirements are specified exogenously, but differently, for each technology or activity in each sector. There is an overall constraint on labor availability and, separately, a labor constraint in the agricultural sector in ended to reflect limited rural-urban labor mobility and the tightness of the rural labor market over the past decade or so.
Capital is specific to each sector and to the particular technology it embodies. This creates "adjustment costs" that are an essential aspect of major policy changes such as those envisaged in the imposition of emissions constraints. Capital formation in each period and sector requires that investment be undertaken in the previous period. Depreciation rates are specified exogenously for the capital stock used by each technology in each period.
Foreign trade is wnfined to the tradeable goods sectors: agriculture, manufacturing, transportation, other services, crude oil and petroleumn products. Trade in transport services is specified exogenously. Since, for competitive goods, the model's solutions generate import substitution in some sectors and export promotion in others, constraints are placed on the rate of adjustment in order to simulate the real difficulties of these changes not otherwise caught in the model. No constraints are placed on the import or export of non-competitive goods.
The overall balance of payments constraint limits imports to what can be paid for from exports and foreign exchange resources. Foreign borrowing is allowed, within moving upper bounds.
The problems of establishing initial and terminal conditions in a model of this sort are well-known. Here they are finessed in a relatively harmless manner. In the initial period, sectoral levels of investment are constrained below those actually achieved in 1987. In the terminal period of the model, 2087, sectoral levels of investment are determined by tht ondition that they be adequate to sustain ar exogenously specified rate of output growth in the relevant sector during the post-termninal penod. Since these terminal conditions create some anomalies in the final periods of the model's time horizon, results are reported only for the period 1992 to 2052.
The features of the model that deal with carbon emissions can be described quickly. The quantity of carbon, V, that is generated by the use of a particular fuel, i, in a technology, k, in a particular sector, j, in period, t, is Vj,k,, . So the total amount of carbon generated by the use of a particular fuel in the sector is obtained by summing over all technologies:
The total amount of carbon generated by the use of the particular fuel in all sectors is:
The generation of carbon is related to the use of the particular fuel in the sector by a coefficient, Tvij,k* .-hus:
,K, = V,jxt X,,t where the V& s are understczd to refer only to the fuel inputs. These simple relationships are the conventional ones used in projecting the generation of environmental agents. The calculations are completely consistent with all other features of the projected economy, including its growth path, and all interactions are taken into accouint.
IV. Data base and parameterization
The data requirements can be classified into four broad categories: technological relationships, behavioral relationships, miscellaneous exogenous or predetermined variables, and initial conditions. The estimation of these relationships and parameters is described in Blitzer, ,La (1989) and will be r( v -wed here only briefly. into a ten sector classification, then adjusted and updated.
The specific number of production technologies provided as alternatives to those implicit in the transactions matrix in 1986/87 varies across sectors. In general, these a'ternatives allow for substitution between fuels, electricity, labor, and capital. They are derived using a small program which has as inputs: i) the initial technology, ii) the own-price elasticiy of energy for the sector; and iii) the sectoral elasticities of substitution between labor and capital, labor and energy, capital and energy, and electricity and fuels. The model also takes the unit demand for fuels as fixed for each technology; this demand can be met by using either natural gas or petroleum products. At the same time, there are limits placed on the degree to which natural gas and petroleum products can bt. substituted for each other.
In order to simulate improvements in productivity not associated with increases in capital intensity, such gains are introduced exogenously. An annual increase of 1 per cent in labor productivity was assumed over the entire model horizon.
The parameters of the linear expenditure system used in the objective function are first estimated econometrically, and then adjusted or consistency with the model's base year. Since the consumer demand equations are highly interrelated, a complete systems approach is used for the econometric estimates. The database for estimating these prawieters is constructed by pooling cross-section family budget data, which are available for two time periods, 1974/75 and 1980/81. On the whole, the esdimated expenditure elasticities are within conventional ranges. However, since the estimates for the energy sectors seem somewhat unrealistic, elasticity estimates from other sources are relied upon. A Frisch parameter of -2 is used to generate the "subsistence" parameter of the linear expenditure system.
For the specification of changes in fuel efficiency and the capital costs of retrofitting, estimates are based on an examination of the readily available literature. The figures chosen reflect a cautious optimism as to what is feasible. However, the authors would not attempt a vigorous defense for any of their guesses, but, as noted, would represent them only as a plausible means of illustrating the methodology and the general nature of the resuits that might be expected.
V. Scenarios of emissions reductions
An optimizing model has both advantages and disadvantages in the kind of application to which it is put here. In analyzing the application of a particular policy to an economy, questions are always asked regarding assumptions made about adjustment to the policy. Is adjustment efficient, or do individuals and firms adapt inefficiently? In this model, the adjustment is optimal, in terms of the maximization of the objective function. Moreover, it is carried out with perfect foresight over the model's time horizon. The implicit assumption is that economic agents will not wait until crisis is upon them, but instead anticipate the necessary economic adjustments before events overtake them and thus act efficiently to maximize their welfare.
As is customary in such modeling, a single solution is less interesting than comparisons among solutions; these latter provide insight into the problems of -and opportunities inadjusting to new constraints. In the application reported here, economic outcomes with alternative patterns of carbon emission controls are, compared to those without. In all cases the solutions are dynamically efficient with respect to the objective function. It is less clear in this case, therefore, that the results with respect to the effects of emission constraints should be interpreted as "optimistic," since the basis for the comparison is also an opdmal result.
There are alternatives to the structure presented above for building preferences for lower emissions into a model of this sort. Emissions could be introduced into the objective function being maximized, with a negative sign. Or reductions in emissions could be put into the objective function with a positive sign. Solutions could then be found with different weights on the emissions variables in the objective function and the consequences traced out, just as we will trace out the consequences of different levels of constraints.
We believe that this approach would provide less insight than the direct application of constraints on emissions. That is partly because policy is most often discussed in just these terms: what are the economic consequences of constraining emissions? That question can be answered directly from the results of this type of model.
One further issue which must be addressed is the base to which emission reductions are related. Perhaps the approach that receives the most publicity is the stipulation of reductions as a fixed percentage of a base level of emissions. For example, goals are often articulated in terms of a reduction of emissions to a fraction of what they were in some base year. The only virtue of this specification is its simplicity. It can be, but is usually not translated into the size of the net addition to atmospheric stocks of the greenhouse gas. In the calculations to be described below emissions constraints are specified in altemative ways: in terms of reductions in rates of emissions and in terms of reductions in the cumulated net emissions.
If additional restrictions in the form of lower emissions are imposed, then, even without actualy solving the model, we know what the general nature of the results must be. If the constraints are binding, and it is expected that they will be, economic performance measured in terms of the objective function and related output and income levels will suffer. Only on the assumption that there are costless ways of adjusting to the constraints could the results be different. While there are assertions that there are many and important costless changes that could be put into place, the evidence is slim.
3 Moreover, such changes would be once-and-for-all modifications whose effects would be less important than the impact of continuous, compounded growth.
Solutions of the models have been calculated for a number of alternative scenarios of emissions reductions. Most of the alternati ie solutions reflect different rates and timing of reductions in the rates of emissions. That is true of scenarios A, B and C, listed below. Scenario D extends several of the solutions from the previous scenarios, but without discounting the utility generated in each period; this is designed to help isolate the effects of such discounting in the various solutions. Scenario E investigates the consequences of making "backstop" and "renewables" technologies available for power generation.
The reference for presentation of the results of these various scenarios is the Base Solution, in which emissions are not constrained. It should be emphasized that this is different I The case is made in National Academy of Sciences (1991) ; but the evidence on costs is too sparse to inspire much confidence.
reference from that often used, which is the level of emissions in a single base year. The latter would be a much more restrictive standard. It could be defended for an industrialized country already at high levels of output and consumption. It is less defensible and relevant for developing countries, still at an early stage of their hoped-for transition to income levels that approximate those of advanced economies. These scenarios reflect the common preoccupation with rates of emissions. Since global warming is related to the concentration of greenhouse gases, the accumulation of emissions over the model's time horizon is of more fundamental environmental interest. Scenario C focuses on this variable.
C. To test effects of reductions in accumulated emissions over entire time horion C.1. 10% reduction in accumulated emissions over the reported time horizon C.2. 20% reduction in accumulated emissions over the reported time horizon C.3. 30% reduction in accumulated emissions over the reported time horizon C.4. 40% reduction in accumulated emissions over the reported time horizon C.5. 50% reduction in accumulated emissions over the reported time horizon
The role of discounting in the analysis of greenhouse warming's effects has been the subject of some controversy. What are the consequences of discounting the results of emissions restrictions intended to ameliorate global warming? The set of scenarios under D aim to elucidate these issues by computing solutions for several of the previous specifications, but with the discount rate set at zero. Comparison with the results from cases involving discounted utility, then permit isolation of the effects of discounting. It will be useful to examine the characteristics of this Base Solution in modest detail, so as to provide background for the subsequent survey of its differences from alternative scenarios.
As can be seen in Table 1 , the Basic Solution generates plausible growth rates of macroeconomic variables. It may be recalled that most of the real constraints on the Egyptian economy are represented in the model, including capital and labor availabilities, petroleum and natural gas reserves, and international borrowing constraints. GDP growth rates accelerate slowly to 2042 after which they decline somewhat, as a result of declining reserves of crude oil and natural gas. The initial high rate of investment growth reflects the model's internal decision to carry out a substantial restructuring of the economy. The model reacts to real relative scarcities reflected in the data and parameters that represent the economy, rather than the distorted prices which characterize the initial conditions.
Given domestic resource and international borrowing constraints, a substantial amount of time is required to restructure the economy and break various bottlenecks. As a result, there is some unevenness during the early periods in the growth rates of consumption and investment. The uniform rates of growth in govemment consumption reflect an exogenous specification. Table 2 shows the substantial changes in the structure of the model economy which occur over time. While during the first fifteen years there is a growth in the relative share of the agricultural sector, this share declines steadily after 2002. This initial growth in agriculture is the result of the relatively high initial demand for manufactured goods to supply desired investment. That also requires relatively large amounts of imports. The relative expansion of domestic agriculture helps make up for a relative reduction in imports of agricultural products. After the system adjusts its capacity to the relative demands, it more obviously seeks out its fundamental comparative advantage. 4 The share of manufacturing in total GDP grows steadily. The share of construction in the economy reflects the changing share of investment in total output. While the transport sector grows, the intermediate and final demands for its services do not require that it grow as fast as the economy as a whole; thus its share declines. The long term decline in agriculture and the expansion of manufacturing sectors reflects the relative productivity of resources in the two sectors and their relative earnings from exports. Table 3 presents the share of the energy sectors in total output; it also reflects the changing relative importance of these sectors. The decline in the share of the crude oil sector reflects the growing relative scarcity of crude oil reserves. Although an increase in reserves is built into the specification of the data, it is insufficient to keep up with growing demand. A similar pattern exists for natural gas, which also declines relative to the economy as a whole. The same forces are also evident in the steadily increasing demand for petroleum products, reflected by its increasing share. However, this demand is increasingly satisfied by imports of crude that are refined domestically.
The declining share of the electricity sector should be noted. The high initial level in 1987 reflects, to a considerable extent, the artificially low price in that sector. As real relative scarcity increases, relative demand falls for about 20 years, after which the changes are modest. Table 4 presents information on the sources of projected carbon emissions. Three sectors are clearly the most important: Manufacturing, Electricity and Transport. This foreshadows a later result, namely that backup technologies in these sectors, if introduced, will be particularly effective at reJucing carbon emissions. The growing importance of emissions from manufacturing is a result of the relative expansion of the sector.
There is an initial fall and a subsequent increase in emissions from the electricity sector; this is the net consequence of two factors. In the model solution the scarcity price of electricity is higher than it was in the data for the base year, when it was kept at an ardficially low level. As a result of the higher scarcity price, private consumption substitution away from electric power use begins to occur immediately. It also occurs in production technologies, but at a slower pace, since new capital is required. However, it is also possible to substitute natural gas for petroleum in electricity generation, which both reduces emissions and conserves petroleum for other uses. Natural gas has fewer carbon emissions than petroleum, and this further contributes to the initial decline in the share of emissions from electricity. The delayed increase in the share of emissions from the electricity sector is initially due to slower growth of output from the sector as increasing real prices constrain demand. The increases from 2017 onward reflect, in particular, increasing producer demands. The decline in the share of emissions due to private consumption is a relative one. It is influenced by the effects of the higher petroleum product prices created in the model, as compared to the market prices originally prevailing. b2sights from alternatiye scenarios
The alternative scenarios provide a rich set of insights about the consequences of different forms of emissions restrictions. The macroeconomic consequences result from intricate and extensive underlying microeconomic adjustments. In this survey, major consequences are described together with a short explanation for their occurrence. In general, as pointed out above, it should not be surprising that with additional constraints, the performance of the economy deteriorates. Significantly from a practical point of view, the form and timing of the constraints have important consequences for their impact.
In the base case model solution's first period, 1992, there are many readjustments in the structure of the economy, as compared to the initial conditions, even though carbon emissions restrictions have yet to be imposed. That is because the structure of the Egyptian economy, in the initial conditions, is substantially different from that desired within the model solution. By 1997, there have been ten years of adjusting initial capital stocks and preparing for the imposition of carbon emissions. By 2007 there have been twenty years of adjustment and preparation; by 2012, twenty-five years.
Effects of increasingly restrictive limits on annual emissions
Scenario A imposes on emissions different levels of constraint with different starting points. Conventional modeling of the economic effects of imposing emissions restrictions tends to report resultant losses in GDP. While there is doubt as to whether these are the most relevant set of observations, here they are taken as a starting point for analysis of the results.
Chart 1 reports the reductions in overall GDP growth rates due to emissions restrictions, as compared to the Base Solution, with alternative beginning dates for the imposition of constraints. There are discernible differences in the growth rates achieved; lower rates are associated with higher levels of emissions restrictions and earlier starting dates. Perhaps even more striking are the relatively small differences in GDP growth rates.
The percentage reduction in GDP is virtually the same for each specified rate of reduction in carbon emissions, whenever that constraint is applied. If the constraint is a 20 percent reduction in carbon emissions, the GDP loss is 4.5 per cent, whether that requirement is imposed in 1987, 1997, 2007 or 2012 . If the constraint is a 30 per cent rate of reduction in carbon emissions, the GDP loss is roughly 4.4 percent, again regardless of the restrictions' beginning date. If the required rate of reduction is 40 per cent, the GDP loss is always roughly 4.1 percent.
The exception to these generalizations is that the model is simply unable to identify a feasible solution when the required rate of reduction in emissions is 40 per cent beginning in 1987. It should come as no surprise that there are some emissions reduction requirements that cannot be met, even in this optimizing model, with perfect foresight and efficiency in the allocation of resources.
The low sensitivity of GDP growth to restrictions on carbon emissions would seem to be consistent with results from other models that find relatively small losses in GDP resulting from the imposition of carbon emissions restrictions. As will be noted, however, this is a misleading conclusion.
The roughly similar GDP growth losses, for a given level of carbon emissions constraints, with different starting years, are the result of two factors. The first and most important determinant is the very long run horizon of the model. The emissions constraints 13 begin at different times, but all start in the early years of the model horizon. The later years dominate in terms of GDP growth over the entire horizon of the model. The second determinant is the fact that, after some initial adjustments in the capital stock and labor force, this model uses all available resources. So differences in GDP are due only to small differences in relative prices.
These points are made very clearly in Charts 2A and 2B, which, for the alternative constraints of Scenario A, track GDP growth rates, period by period, during the entire time horizon of the model. The charts illustrate the striking convergence of growth rates over time.
On further reflection, this convergence is unsurprising. The time horizon of the model is sufficiently long that the solution comes as close to steady state conditions as the exogenously specified economic constraints permit. Economic theory suggests that steady state growth conditions are not much affected by constraints such as those imposed here; they can be interpreted as a kind of tax.
These results show how long run growth rates can be misleading as indicators of the burdens imposed by carbon emissions restrictions. Charts 3A and 3B, which present the time paths of GDP levels for Scenario A's alternatives, further demonstrate this same point. These charts show the substantial initial reductions in GDP, relative to the levels achieved in the Base Solution, that occur after the imposition of the emissions constraints. The difference between projected and achieved GDP levels ranges from a maximum of about 15 per cent for the case of 20 percent required reduction in carbon dioxide emissions, to almost three times that if the required reduction in CO 2 is doubled to 40 per cent. By 2052, the reductions in achieved levels of GDP, relative to the Base Solution are roughly half the maximum, except for the case of 40 per cent required reductions. In assessing these results relative to other models, it is important to recall that the emissions reductions are enforced relative to the results of the Base Solution, in which emissions grow over time in the absence of constraints. If the limitation on emissions were imposed relative to the emissions levels of 1987, the initial year, the effects of the constraint would be much more severe.
To provide a completely rigorous explanation of the differences between these results and those of other models would require applying the methodologies of the other models to the data of this model or, alternatively, applying this model to the data of the other models. However it is possible to identify the sources of the differences, if not to quantify their significance.
The first point is the one just demonstrated: very long term results, including steady state results, can completely misrepresent the costs of adjusting to carbon emissions restrictions. This would be true of any other model characteristic that mimics long term or steady state characteristics, including assumptions of costless mobility of resources among productive sectors. In this model all capital goods and, to a much lesser extent, labor are not mobile among sectors, which makes adjustment of resources more difficult.
A related point is that this model is relatively disaggregated compared to other models used for the same purpose. That implies less substitutability, since the implicit assumption of aggregation is that all output and resources within a sectoral aggregate are perfect substitutes.
Third, Egypt uses petroleum products and natural gas as fuels, but virtually no coal. Substitution of petroleum products and, in particular, natural gas for coal, which can be a major form of adjustment to lower carbon emissions in other economies, is already an essential feature of the Egyptian economy. Requiring uniform ra.es of emissions reductions across economies would therefore be quite inequitable. It would completely ignore their current emissions levels relative to their economic activity, which reflects, among other things, the composition of the fuels they use.
Finally, like many other developing countries, Egypt is a relatively constrained economy, because of resource shortages and a substantial intemational debt, which limits future access to international capital markets.
Changes in gross domestic product are, as is generally recognized, only a rough measure of welfare changes. Since this model explicitly maximizes a welfare function, it is possible to report directly the welfare effects of constraining carbon emissions. The welfare function that is maximized in this model is "synthetic" in several senses. Certainly it is not deduced from first principles. Second, data limitations restrict the potential of the econometric methods used to estimate the consumption parameters. Third, the welfare function leaves out possible distributional effects that might be associated with the important economic changes bein 6 modeled. Finally, all the potential benefits from restricting emissions have been omitted. These would include the direct personal environmental benefits that have been widely, if not unanimously, predicted to flow from reducing carbon emissions. Indirect benefits would include the avoidance of the additional real production and infrastructural costs necessary to counter the effects of any global warming.
Natural skepticism may be offset by thinking of the maximand simply as a weighted index of discounted consumption, rather than as a welfare function. The particular index chosen is a plausible one, but subject to many disclaimers.
The welfare losses (relative to the base solution) of imposing different rates of carbon Following the imposition of emissions constraints there is, in the long term, a relative recovery of aggregate consumption. However, distant consumption carries a heavier discount factor than present consumption, which suffers most from the process of adjusting to the emissions constraints. The welfare comparisons are, of course, foreshadowed by the comparisons of achieved GDP levels.
Postponing the date at which the emissions reductions must begin allows the model more time in which to adjust the sectoral location of its resources and the technologies it uses. The welfare effects are striking. Focusing first on the welfare loss associated with requiring a 20 per cent reduction in emissions rates, a ten year delay in imposing the constraint reduces the welfare losses by about 40 per cent; a twenty year delay reduces losses by more than two-thirds; and a 25 year delay, by almost 80 per cent, to less than two per cent of the base year total welfare.
As Chart 4 reveals, effects are relatively nonlinear both with respect to the magnitudes of required reductions in carbon emissions and with respect to timing. The elasticity of welfare 'The welfare losses shown are computed for the period to 2030 only. with respect to emissions reductions is .02 at the 20 per cent required rate of reductions, .32 at the 30 percent required rate of reductions, and .55 at the 40 per cent required rate of reductions.
It should also be noted that this model tries its best to use all available resources, whether for consumption or investment. Adjustment to emissions constraints forces the redirection of resource allocation, with consequent changes in relative prices. For the most part, however, resources are fully employed. So the GDP effects of adjusting to emissions constraints will, to a considerable extent, show up mainly as the effects of changing relative prices.
These results clarify a somewhat troubling issue. William Nordhaus, for example, in discussing projections of relatively high short run emission reduction costs, notes that "the short run gradually turns into the long run so that the high short run costs of a surprise increase in prices soon become the lower long run costs." 6 That is, of course, true. But, as indicated in Charts 3 and 4 above, the high short run costs create high welfare losses that do not go away.
The losses are not simply the result of a "surprise" increase in prices, since in none of solutions described above do the emissions constraints arise unexpectedly. In one set of solutions the model has five years to adjust before the constraints are imposed; in another set, there are ten years prior to the imposition of emissions constraints. In both sets the future imposition of the constraints is perfectly foreseen.
The losses come about because there are costs of adjustment and because the constraints require the use of different technologies and different resource and output allocations less efficient than those without the constraints. That is not to say that the benefits of future climate conditions will more than offset their costs; the present game is simply the calculation of costs.
Turning to other aspects of the Scenario A solutions, Chart 5 shows the impact of those constraints on the sectoral patterns of output over the model's time horizon. In all cases there is a shift away from manufacturing, transport and electricity generation, since these have relatively high carbon emissions ratios. The model solution compensates in two ways: first, by substituting, when possible, the output of other sectors for the output of these high emitting sectors, in response to the endogenous increase in the prices of these two sectors; second, by increasing manufacturing imports, noting that imports of transport and electricity are not possible.
In the Base Solution, the model shifts resources out of agriculture. In the solutions shown in Chart 5, when emissions reductions are 20 percent, there is an increase in domestic agricultural production, as compared to the base solution. That is one aspect of the substitution mentioned above. Since agriculture has relatively low emissions, the model increases its domestic production. The foreign exchange resources earlier used to import agricultural goods are now used to import manufactures. These adjustments demonstrate the effect of the emissions restrictions in changing comparative advantage. They also show the natural tendency of following a "dirty thy neighbor" policy by importing products whose production generates a relatively large quantity of unwanted emissions, and by producing relatively clean products at home.
Chart 5 also indicates that when the rate of emission reduction is increased to 30 per cent and above, the increase in agricultural production is much less than at 20 percent emission reductions. This is the result of the increased difficulty of maintaining production under the emissions constraints. At 40 percent carbon emissions reductions, even agriculture must contract.
Chart 5 shows similar changes for solutions of the model for which the starting date for the reduction in emissions is 2007, again with alternative degrees of reduction in emissions rates. As noted above, in all cases there is a shift away from dependence on petroleum toward increasing use of natural gas, which has lower carbon emissions rates per btu. That adjustment is limited, however, by the availability of natural gas reserves.
There are many other subtle adjustments in the model solutions in the patterns of exports, imports, borrowing, investment allocations, and so on. These are passed over here as being incidental to the main points made above.
Effects of postponing constraints on annual CO2 emissions Scenario B is designed to explore further t; e effects of postponing the beginning of emissions restrictions. The time paths of GDP associated with alternative rates of emissions restrictions and alternative beginning dates, are shown in Charts 6A, 6B and 6C. It is clear that postponing the emissions permits higher levO!s of GDP. Chart 7 shows the welfare reductions associated with the different alternatives of Scenario B. Again, welfare losses are reduced by postponement.
There are three major reasons for these results. Postponing the beginning of the emissions restrictions allows the model more time to adjust technologies and capital structure. This is particularly important for the earlier and larger emissions restrictions. In addition, postponing the emissions restrictions simply allows more time for the model to produce closer to its "business as usual" patterns, which means there can be more consumption in its earlier years. Finally, it should be remembered that any losses in the near future have a heavier weight in the maximand than losses in the more distant future, simply because of utility being discounted. (The effects of discounting are explored in Scenario D.)
Effects of constraints on accumulated emissions
Although. the scenarios listed under C may seem similar to those specified previously, they imply a major shift in policy. Rather than stipulating changed emissions rates, they mandate changes in accumulated emissions over the entire model horizon, relative to the level of (unconstrained) accumulated emissions in the base solution. Such a policy is to be preferred for several reasons. Control of accumulated emissions is more closely identified with the total amount of greenhouse gases in the environment, which is the actual source of global warming. The effectiveness of emissions control policies should therefore be judged in terms of accumulated emissions over the policy horizon, rather than in terms of the emissions rate in any particular period. Imposing the constraint on accu.nulated emissions also provides an important additional degree of policy flexibility, since it allows a country to optimize degree and timing of emissions reductions, consistent with meeting a target for reduction of total emissions over a specified period. The consequences of stipulating reductions in accumulated emissions over the model's horizon are best shown by comparing results with the outcomes generated when annual rates of emissions reduction are specified. These consequences are shown in Charts 8A, 8B and 8C, which compare reductions in levels of GDP. It is clear that, using the GDP measure, economic performance under the emissions accumulation constraint is superior to that under annual emissions constraints. Chart 9 presents the corresponding welfare measures.
The additional freedom which the accumulation constraint provides is significant in two ways. First, it provides more time for adjustments to the expected emissions constraint. Second, there is always a welfare gain from postponing reductions in consumption, since the welfare function incorporates discounting considerations.
The manner in which the model utilizes the additional flexibility noted above is shown in Chart 10, which traces the time path of CO 2 reductions for a set of scenarios with constraints on annual rates of emissions and constraints on accumulated emissions, as compared to the Base Solution. In each case, with a modest exception in the 50 per cent reduction scenario, the model chooses to delay the beginning of the cutback in carbon emissions until 2022, or 35 years after the start of the model, and halfway through the entire model horizon. Furthermore, in all cases, the maximum annual reduction rate attained is substantially above the average annual reduction rate.
Scenario C provides an important lesson: to achieve a specified reduction in the accumulation of greenhouse gases in the atmosphere, it is far better to allow for flexibility in the timing of adjustment policies, rather than imposing a particular deadline. The lesson is a general one, applicable to advanced countries as well: rigidities in the imposition of limits on emissions controls have unnecessary economic costs. There may be an important qualification imposed by the physical processes of greenhouse warming, which is that the timing of any delay in the reduction of emissions will, itself, have consequences for the ultimate change in temperature, etc.. It has not been possible to find an analysis of this question in the literature. Analyses which do address the consequences of delaying the start of emissions restrictions, do not deal with the pattern of emissions restrictions stipulated in Scenario C. In the solutions obtained for this Scenario, although the starting date of the emissions restrictions is delayed, the total amount of reduced emissions is the same as in corresponding solutions to which comparisons are made in Charts 8 and 9 above.
There is one other significant qualification to these results. In effect, Scenario C simulates the outcome of a commitment to an allowable total accumulation of emissions. While the benefits are manifest and would be enjoyed in the relatively early years of the commitment, the costs of the commitment appear only in later years and appearing with them would be the temptation to violate its terms.
Effects of not discounting utility in the objective function
The solutions to the scenarios without discounting of utility in the welfare function demonstrate that, in general, the results are not very sensitive to the discount rate of 7 per cent, which was used in the solutions to the various scenarios. This can be seen for the Base Solution, without emissions constraints, as shown in accompanying Table 5. The table lists Since it is the utility of consumption which appears in the objective function, it is useful to focus first on column 1, with the ratios of consumption in the undiscounted solution to consumption in the discounted solution. It can be seen that in the first two periods consumption in the undiscounted solution is lower, but with a substantial difference only in the first period. After that, except for some quirky behavior in 2032 and close to the end of the reporting period, consumption in the undiscounted solution is higher. The quirks are, most likely, the result of the exhaustion of some resource or some other change in constraints.
The improvement in consumption is explained by the second column, which gives the same ratios for investment. The initial reduction in consumption makes possible a substantial relative increase in investment in the first period. Subsequent and relatively larger consumption, investment and GDP levels are the payoffs from that initial difference in investment. Lower consumption in the first period in the undiscounted solution is more than offset by later increases, because the latter are not discounted.
The solutions with constraints on annual emissions and accumulated emissions show generally similar behavior in the sense that it is not discounting which accounts for the temporal patterns of consumption. There is some shifting around in the relative results, but this is insignificant when compared to overall patterns. All of this is entirely consistent with noticeable differences in the objective functions with and without discounting, since the calculated discounted values of those functions will be quite different. Table 6 provides further confirmation. Annual levels of consumption are shown for the Base Case and for the Scenarios with 30 per cent required reductions in emission, first, imposed as annual constraints as compared to the Base Case and, second, imposed as a constraint on total accumulation of emissions over the model's horizon. Comparing the discounted solutions in columns 3 and 4, the manner in which the model reacts to the increased flexibility of meeting constraints on accumulated emissions can be directly observed; in essence, adjustment is delayed and consumption relatively increased.
Moving to columns 5 and 6, it can be seen that this behavior is not simply the result of discounting. Columns 5 and 6 present annual levels of consumption for undiscounted solutions. Despite their lack of discounting in the objective function, these solutions show essentially the same relative behavior as similar solutions in which there is discounting. When given the freedom to put off the adjustment, the model utilizes that time to effect a relative increase in consumption during the earlier periods, at the expense of later periods.
The contribution of backstop technologies
All the alternative solutions discussed thus far have made use of data representing the "conventional" technologies currently in use in Egypt, or versions of those technologies modified in response to changes in inputs prices. In the next two scenarios, additional technologies are provided: in Scenario E, the 'new" technologies are well-known, although not currently used in Egypt to any substantial extent: co-generation, nuclear power and gas-powered transport.
The availability of these backstop technologies substantially improves the performance of the model economy. The growth of GDP in the critical early years of the time horizon and the overall welfare delivered by the system are generally both substantially higher. These differences are shown in Charts 11 and 12.
The backstop technologies are used once tlXey become available in period 2002; they permit an improvement in overall performance as they reduce the overall effect of the carbon emissions restrictions. While co-generation is used in electric power production for a number of periods, depending on the emissions constraint, it is gradually phased out in favor of nuclear power generation.
CHART 1 1 Once available, the gas-powered transport technological option is also used, until the price of natural gas rises due to depletion of domestic reserves.
When carbon emissions constraints are in the form of limits on total accumulations, rather than on annual rates, the differences in performance, with and without backstop technologies, are quite significant. This is shown in Charts 13 and 14.
The contribution of "renewable" technologies Finally, in Scenario F, the experiments with the model were done with "renewable' electicity generating technologies: photovoltaic, solar-thermal, and dendroelectric power. These, together with the "backstop" technologies, are all summarized in a single representative 'altrnative' technology. This technology embodies different assumptions about the "renewable" technologies, including the degree of sunlight available and a time-dependent reduction in costs; this latter reflecting expectations of future technological improvements.
The lowest unit costs, for each level of insolation, are reached in 2022 in Scenarios F. 1., F.2. and F.3.. In Scenarios F.4., F.5. and F.6., high insolation levels are assumed but the date at which the minimum cost is achieved is stretched to 2032, 2042 and 2052, respectively. The renewable technologies are added to the previous set of trials using the backstop technologies of co-generation, nuclear power and gas-powered transport. Again, only a few results are 
VIII. Summary and conclusions
The solutions to the alternative specificadons of the different scenarios provide new methodological and substandve insights. The methodological insights lead to a more informed interpretation of these results, and those of other models. The substantive insights indicate the comparative advantages of alternadve forms of carbon emissions restrictions, as well as the particular contributions of conventional and unconventional backstop technologies to electric power production.
The model was solved with a time horizon of 100 years, although results are reported for only a 60 year period. In this period of time, the model economy substantially depletes its hydrocarbon reserves, which are the only non-produced resource. As a result the system moves close to a steady state growth path, dependent mainly on labor and capital accumulation, although constraints on trade and international borrowing remain. In any case, the effect is to create endogenous steady state growth paths with growth rates that are much the same, with and without carbon emissions restrictions.
The differences in GDP growth results created by carbon emissions restrictions that have been reported from models of this type and, presumably, other models are, therefore, not principally the result of the particular emissions restrictions imposed. Rather, such differences are mainly the result of factors leading to divergence in implicLsteady state growth conditions. These conclusions do not imply that carbon emissions restrictions make no difference to the performance of ar. economy. A better measure of performance than GDP growth rates is the welfare an economy generates. Since there is an explicit welfare maximand in this model, we have used this measure of performance. It may be recalled that, in this model, welfare is simply the discounted weighted sum of consumption in each period. The discounting, of course, gives greater weight to consumption in the near future than in the distant future. However, in this, and similar models, there is nearly full use of all the resources available. That means that the GDP achieved is at full-employment levels, although the adjustments due to carbon emissions restrictions create differences in effective productivity of the resources used. For this reason also, a measure of the consumption that the model economy can deliver is a better indicator of performance than GDP.
Welfare losses due to the imposition of annual restrictions on the rate of carbon emissions are quite substantial, ranging from 4.5 per cent for a 20 per cent reduction in annual carbon emissions to 22 per cent for a 40 per cent reduction in emissions. The effects of the annual carbon emissions restrictions are relatively nonlinear.
The results show that the timing of the emissions restrictions is also significant. Postponing their imposition provides a longer period during which adjustments can be made, as well as making it possible to continue to deliver consumption goods in a relatively unconstrained manner.
Furthermore, the form of the emissions restrictions is important. Although all other models and nearly all accompanying debate focus on the effect of annual rates of emissions, the more critical issue is the total addition to the accumulation of greenhouse gases in the environment. When the emissions constraint is imposed on total additions to the accumulation of greenhouse gases, the model's performance undergoes a strildng, but understandable change. Accumulation restrictions also provide more time for adjustment; moreover, the model further delays the reduction in emissions restrictions in order to provide consumption goods relatively early in its horizon, when discounting is less severe. The welfare losses in this case are much lower than when constraints are imposed on annual emissions rates.
To investigate the significance of discounting utility in the objective function, solutions were calculated for scenarios in which the discount rate was set to zero. These solutions indicated that the outcomes were not sensitive to the 7 per cent discount rate that was used in solutions with otherwise similar conditions. This does not, of course, imply that the solutions would not be sensitive to higher discount rates.
Backstop technologies are important in maintaining output and consumption. The conventional backstop technologies of co-generation, nuclear power and gas-powered transport are much more significant than a set of unconventional renewable" technologies. The latter cannot effectively compete on cost grounds.
Results from models of the type developed and used here should not be interpreted as forecasts of the future. They arm intended as a means of comparing the results of generic, *What if...?" questions. While there may be further questions of this sort to examine, the results thus far justfy the efforts involved. 
